On January the 1st 1995, a "giant" wave is observed and measured at the Draupner platform in the North Sea. During a sea state with a significant wave height close to 12 meters, the crest of this isolated wave reached 18.5 meters.
INTRODUCTION
On January the 1st 1995 an exceptional wave with a crest 18.5 m high occurred during a sea state of significant wave height 11.9 m (Fig. 1) . Details of the characteristics of the wave are given in Tab. 1. This wave was measured by a down-looking laser device at the Draupner platform (58°10'N, 2°30'E) in the Central North Sea (Haver (2000a) ). The probability of occurrence of such a crest based on second order wave models is very low, but not zero, and nothing permits in a first analysis to conclude that in the design of the platform air gap the risk had been underestimated. the interactions with currents and with the local wind, the effects of bathymetry, we demonstrate that the probability of occurrence is multiplied by 10 or 100, the status of this wave goes from dangerous wave to rogue wave for the metocean expert of the platform design.
A wave is not rogue or freak in itself. It is first dangerous, in the extreme deadly, depending on the marine system-structure it encounters (a fishing boat, a jacket platform,...). Secondly it is perfidious due to the underestimation of its occurrence, which underestimation depends on the decision making process (empirical knowledge of the situation by the fisherman, model based calculations for the designer,...). A wave, rogue for one, is not for the other and inversely.
As well concluded by Haver (2000a) : "it seems reasonable to define freak waves as something that is beyond the knowledge available for routine design. This means that the criterion will evolve with time as our understanding is improved. If and when the freak phenomenon is fully understood, there is no reason to continue referring to these waves as freak waves. They will then be the extreme waves a structure is supposed to be designed against at a certain annual probability level".
The attempt of this study is to make a modest progress in the knowledge introduced in routine design in demonstrating how higher order compared to the classical second order wave models prove the rogueness of the "Draupner wave" at the date of 1st January 1995 and to contribute in part to "de-rogue" the near future waves.
WAVE MODEL BASED STATISTICS
The methodologies to furnish statistics of waves inside a sea state starting from spectral information are of different kinds. They can be based on Monte Carlo techniques and development of simulators (Forristall (2000) , Prevosto (2000) , Prevosto and Forristall (2002) ), or derived from theoretical considerations: Transformed Gaussian process method (Rychlik (1997) ), First Order Reliability Method (FORM) (Tromans (1998) ).
In any case, independently of the methodology, the answers 
will differentiate from the model of irregular gravity waves taken as starting point. When considering crest shape and kinematics parameters the linear models are definitively out of competition. As an intermediate way between linear and higher order models, irregular 3D 2nd order models have been extensively used and validated for the last years. Prevosto and Forristall showed e.g. that up to 10 -3 the sea state conditional probability of exceedance obtained from these types of models agreed very well with measurements. The use of 2nd order expansions has the advantage to work with simple wave models.
But if these models are used to calculate design crest heights, their validity has to be proved before using such extreme values corresponding to very low probabilities. The comparison with higher order non-linear models could help to answer this question. Different higher order models have been considered to take better into account the strong effect of the non-linearities on the crest amplitudes, e.g. the Hybrid model (Zhang (1999) ) or the Creamer-transformation (Creamer (1989) ).
The problem is that in using Monte Carlo techniques to calculate very low probability of exceedance, we need to simulate a very large population to estimate accurately that probability. As an example, in the sea state conditions of the "Draupner wave", and using a linear irregular wave model, 40,000,000 simulated waves are necessary to calculate accurately the sea state conditional probability of occurrence of crests higher than 14.6 meters. With these figures the more complex reasonably usable model is the irregular second order 3D wave model.
After a short presentation of the wave models that have been compared in this study, we will show how the more complicated models (and so more time consuming simulators) have been used without loss in the accuracy of the estimation of the probability of occurrence of extreme waves.
Models of wave surface elevation
Four models of irregular waves have been considered in this study. The linear and second order 2D and 3D, the Hybrid wave model 3D and the Creamer transformation 2D.
Linear model. The first order (linear) model Eq. (1) is a directional Gaussian process, obtained by superposition of Airy waves in different directions of propagation with random phases and amplitudes. The statistical properties of the amplitudes are defined by the directional density spectrum. The linear model will be used as the linear part of all the following non-linear models.
(1) with uniform random variables in [-π,π] and Rayleigh random variables with (2)
, independent variables. is the directional spectral density. 2nd order directional -3D. The 2nd order Stokes expansion based on this linear part is (3) where (resp. ) denotes (resp. ) and is a constant to ensure that .
The two 2nd order transfer functions and of course depend of the water depth (Sharma and Dean (1979) , Prevosto (2000) ). The 2nd order model is the sum of the 1st and 2nd order parts: (4) 2nd order uni-directional -2D. If we consider an uni-directional wave train in which we force all the components to propagate in the same direction, we obtain, of course, the same linear part of the elevation, but a different second order part.
(5) (6)
Directional Hybrid wave model (DHWM).
Based on an understanding of non-linear wave interaction in a dual component wave, Zhang et al. (1993) and later for 3D Zhang et al. (1999) developed a new numerical scheme allowing for hybrid wave-mode modeling. In the hybrid wave-mode modeling a conventional wave-mode function is used to describe dominant component waves Eq. (3) or Eq. (6), and a modulated wave-mode function to describe high-frequency component waves. The modulated part is given by: (7) with the modulated phase (8) The i,j (resp. k,l) indices correspond to short (resp. long) waves. See Zhang et al. (1999) for more details.
Creamer transformation. The Creamer transformation that is used here is a particular case of the Lie transform when considering 2D waves in infinite water depth (see Creamer et al. (1989) ). In this case the Lie transform takes a very simple formulation. The wavenumber decomposition of the elevation at each time is given by (9) where is, for each time, the Hilbert transform in space of the linear part . Creamer et al. (1989) showed that for a regular wave the Creamer transform is very close to a 5th order Stokes wave.
SMALL PROBABILITY ESTIMATION
A comparison of irregular Stokes, Hybrid or Creamer transform models on the probability of exceedance of such rare big waves is difficult, due to the complexity of some of them. But, as it is clear in the harmonic case and as verified in the irregular case a high non-linear crest is always associated with a high linear crest. So the intuitive idea which has been used by the authors is the following (it has been developed later more rigorously and extensively by Au and Beck (2001) ).
The probability of exceedance of a high crest height given by a complex model can be written using conditionality to the crest of a simple model
If is chosen i) sufficiently high so that the second part of the right term is negligible, but ii) sufficiently small so that is not to high, then the probability of exceedance could be estimated only considering a little number of situations. That is to say that the complex model -very expensive in time consuming-will be used a moderate number of times.
Equation 10 could be rewritten (11) and so condition i) is equivalent to very close to 0.
In this study the good choice of the has not been calculated, but empirically estimated and the hypothesis i) has been verified a posteriori.
1-JAN-1995 SEA STATE SITUATION
The occurrence of big waves is strongly dependent on the sea state situation and its environment. Specific meteorological conditions could create multiple wave systems which could interact in a complex way. Current, local wind or high bottom
could also modify the heights and shapes of big waves.
The water depth at the Draupner platform location is 70 m and the bottom close to the platform is almost flat with a very mild slope of less than 1‰. The effect of the finite water depth will be commented hereafter with the results of the 2nd order model.
To make up for the lack of measured information on the directional spreading the sea state situation has been hindcasted. The directional spectrum of the sea state has been calculated starting from ECMWF wind fields and using TOMAWAC software (Benoît et al. (1996) ). The two days before the 1st of January have been used. The characteristics of the simulation are given in Tab. 2. The comparisons of H m0 and T p between the hindcast model and the in-situ measurements given by Haver and Andersen (2000b) are good (Fig. 3) . Figure 4 , the directional spectrum does not show particular features and in Fig. 3 the point spectra modeled and measured are quite similar. For the wave elevation simulations (Eq. (2)) we have taken the point spectrum coming from the measurements associated with the frequency dependent directional distribution coming from the hindcast model.
PROBABILITY OF EXCEEDANCE OF 18.5 M
The aim is now to estimate for a crest the probability of Domain (see Fig. 2 
exceedance of the 18.5 m of the "Draupner wave". For that, a Monte-Carlo technique has been used helped with a conditional strategy in two steps. 800,000 time series of the wave elevation representative of the 1-Jan-1995 sea state have been simulated to obtain accurate estimates of the probability of exceedance. 
Simulation procedure
The sea state is defined by its directional spectrum Eq. (12) and is discretized in 24 directional sectors and 1024 frequency bands between 0 and 1 Hz. Each simulated time series corresponded to 17 min. at a 4 Hz sampling frequency.
As visible in the models Eq. (1)-Eq. (9), neither the current, nor the local effect of the wind pressure have been considered.
The conditional scheme explained in Eq. (10) has been divided into two conditional steps, a first one on the linear 
Figure 4. Hindcast directional spectra
If 2nd order and Hybrid models are calculated on the whole 17 min. time series, Creamer transform is applied locally to a selected wave by calculating the spatial wave elevation Eq. (9) on one period each side of the time of the maximum of the wave. The spatial integration itself to transform from to is made on 10 waves, [x1,x2], centered on the maximum.
(13) 800,000 time series have been simulated and processed, corresponding to approximately 75,000,000 waves. The number of exceedances for the different models is given in Tab. 3. When available, the results of the simulation have been compared with models of crest height probability law proposed in the literature. The Rayleigh law for the linear case and Weibull or transformed Rayleigh law for the 2nd order (Forristall (2000) , Prevosto (2000) , Prevosto and Forristall (2002) ). The sea state parameters were H s = 11.9 m, T 02 = 10.8, T 01 = 12.0 s, directional spreading s = 10.
The two models from Forristall and Prevosto, which have been shown in recent papers to be very close for high crests (values close to the H s ), are here quite different for giant crests. In fact, for such crest heights the result is very sensitive to the choice and estimation of a mean period, T 01 or T 02 . This will be a problem for all parameterized models. In any case they give values very far from the Creamer transform.
There is no difference between 2nd order and Hybrid model, but a ratio around 10 between the 2nd order and the Creamer model. If, in a first approximation, we extrapolate the effect of 
x 2 ∫ = directional spreading and finite water depth obtained on the 2nd order model to the Creamer model, we obtained a probability of exceedance in 3D and 70 m water depth situation of 3.4 10 -6 . It is important to notice that all 322 waves occurred in isolation. From 1 to 800,000
Directional spectral density
Linear superposition Eq. (1) 1 or more crests > 13.5 m ?
For each wave 2 nd order calculation Eq. (6)
2D -70 m water depth
Random amplitudes and phases , Table 3 : Number and probability of exceedance Hybrid model. Figure 6 verifies that, selecting the linear crests higher than 13.5 m, all the 2nd order 3D crests higher than 17.5 m have been considered (a fortiori higher than 18.5 m, which verifies the 2nd order 3D estimators). In a second step, Figure 7 verifies that, selecting the 2nd order 3D crests higher than 17.5 m, all the Hybrid 3D waves higher than 18.5 m have been considered.
Creamer model. If Figure 9 verifies that, selecting the 2nd order 2D crests higher than 15.5 m, all the Creamer 2D waves higher than 18.5 m have been considered, Figure 8 seems to show that not all the 2nd order 2D crests higher than 15.5 m have been considered when selecting the linear crests higher than 13.5 m. But in fact, if we look at the linear waves in the first class of the histogram [13.5,13.75] (Fig. 8) , only 6 of the Number of waves
.5 > 250 waves will transform in a Creamer crest higher than 18.5 m. As the total number of Creamer crests higher than 18.5 m is 322, not considering the [13.5,13 .75] class will produce 2% of error. So we can certify that not considering linear crests lower than 13.5 m will produce negligible errors 
CONDITIONAL PROBABILITY OF WAVE SHAPE
We complemented this study in looking at the ability of the Creamer model to reproduce waves with shapes close to the "Draupner wave". For that we have first defined criteria of closeness. Around the characteristics of that wave (Cx 1 ,Cx 2 ,Tc 1 et Tc 2 ) (see Fig. 10 ) we have defined a gauge (red intervals). The width of the intervals is given in Tab. 4. Uppercase are for the "Draupner wave" and lowercase for the simulated waves. Before comparing a wave with the gauge, we apply to it a scaling factor to obtain the same crest height as the "Draupner wave". So the amplitudes and wavelength are multiply by , and therefore, using the dispersion relation, the time is multiply by . Moreover, this scaling factor permits to better compare the steepness.
Following the same procedure as in the previous simulations, we calculate all the Creamer waves with a crest higher than 18 m. We obtain 514 waves ( ). We apply them the scaling factor and then compare to the different criteria of the gauge, 1,2,3,4,1∩2,3∩4,1∩2∩3∩4. The results are given
Criterion 1
Front trough |Cx 1 -cx 1 | < 1.8 m
Criterion 2
Back trough |Cx 2 -cx 2 | < 1.8 m
Criterion 3
Front crest duration |Tc 1 -tc 1 | < 0.8 s
Criterion 4
Back crest duration |Tc 2 -tc 2 | < 0.8 s Number of waves
.9 10 6 -= in Tab. 5. We notice a clear difference between criteria 3 and 4 on the crest durations, due to the very strong steepness of the front of the crest. We observe that 10% of the 514 waves are inside the complete gauge and so have a shape very close to the "Draupner wave". This proves the ability of high order nonlinear models to reproduce the extreme shape of the "Draupner wave".
Figure 10. Wave shape gauge CONCLUSIONS
A procedure of conditional calculation has permitted to use Monte Carlo techniques to estimate very low probability of exceedance of crest height in using complex irregular wave model. The "giant" wave, 18.5 m crest height, measured the 1st of January 1995 at the Draupner platform in the North Sea during a sea state with a significant wave height close to 12 meters has been used as case study.
A sea-state corresponding to this date has been based on the point spectrum given by the wave elevation time series measured and a directional distribution from results of a hindcast model forced by the ECMWF wind fields.
We have compared the probability of exceedance of a crest higher than 18.5 m obtained from different irregular wave models. The models were linear, 2nd order 2D, 2nd order 3D, Approximately 80,000,000 waves have been simulated. LieCreamer model, which can be considered as the one taking the best into account the non-linear interactions, produces a probability of exceedance 10 times the probability the 2nd order model gives.
Of course other phenomena as the local wind pressure effect could change this probability, but in introducing in the procedure of estimation better non-linear models we progress in the attempt to diminish the rogueness of such dangerous waves.
This technique could be used in a future step to improve the tail of the parameterized models based on 2nd order modeling, valid for high crest heights but not for extreme ones, as has been demonstrated in this paper.
A question could be asked: "how it makes that a wave crest with such a low probability (~10 -6 ) does not reach the cellar deck of the platform?". First of all, the probability calculated in this paper is a Hs-conditional probability and, with such a low probability, does not participate in the calculation of a return value. Secondly, the air gap of the Draupner platform (~24m., including tidal amplitude and storm surge, ~2m.) corresponds to a 10000-year crest height (calculated with current models).
The problem stays: "does the modification of the tail of the Hs-conditional distributions, by introducing higher order models or new physics, increase the return value used for the design?". If so, we could conclude that the risk has been underevaluated. The results of this paper are not sufficient to answer this question.
